Bacterial communities colonize epithelial surfaces of most animals. Several factors, including the innate immune system, mucus composition, and diet, have been identified as determinants of host-associated bacterial communities. Here we show that the early branching metazoan Hydra is able to modify bacterial quorum-sensing signals. We identified a eukaryotic mechanism that enables Hydra to specifically modify long-chain 3-oxo-homoserine lactones into their 3-hydroxy-HSL counterparts. Expression data revealed that Hydra's main bacterial colonizer, Curvibacter sp., responds differentially to N-(3-hydroxydodecanoyl)-L-homoserine lactone (3OHC12-HSL) and N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL). Investigating the impacts of the different N-acyl-HSLs on host colonization elucidated that 3OHC12-HSL allows and 3OC12-HSL represses host colonization of Curvibacter sp. These results show that an animal manipulates bacterial quorum-sensing signals and that this modification leads to a phenotypic switch in the bacterial colonizers. This mechanism may enable the host to manipulate the gene expression and thereby the behavior of its bacterial colonizers.
Bacterial communities colonize epithelial surfaces of most animals. Several factors, including the innate immune system, mucus composition, and diet, have been identified as determinants of host-associated bacterial communities. Here we show that the early branching metazoan Hydra is able to modify bacterial quorum-sensing signals. We identified a eukaryotic mechanism that enables Hydra to specifically modify long-chain 3-oxo-homoserine lactones into their 3-hydroxy-HSL counterparts. Expression data revealed that Hydra's main bacterial colonizer, Curvibacter sp., responds differentially to N-(3-hydroxydodecanoyl)-L-homoserine lactone (3OHC12-HSL) and N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL). Investigating the impacts of the different N-acyl-HSLs on host colonization elucidated that 3OHC12-HSL allows and 3OC12-HSL represses host colonization of Curvibacter sp. These results show that an animal manipulates bacterial quorum-sensing signals and that this modification leads to a phenotypic switch in the bacterial colonizers. This mechanism may enable the host to manipulate the gene expression and thereby the behavior of its bacterial colonizers.
Hydra | quorum quenching | quorum sensing | interference | host-microbe interaction E very multicellular organism has to be considered a multiorganismal assemblage consisting of the host and its associated microorganisms (1, 2) . Often the host is colonized by characteristic bacterial communities (3, 4) , which is testimony to its ability to regulate its microbiome. The microbiota has strong effects on host fitness, influencing a broad range of host physiological functions, including facilitation of nutrient supply, immune system maturation, development, and colonization resistance against pathogens (5, 6) . Although invertebrates do not possess an adaptive immune system, their innate immune system provides them with means to interact with their associated microbes (3, 7) . It must fulfill the challenging task of attracting beneficial and repelling pathogenic bacteria while at the same time preventing commensals from becoming harmful.
Bacteria often regulate their communal behavior, such as virulence and biofilm formation, by use of an intercellular communication system, such as quorum sensing (QS). Due to the production and detection of signaling molecules, called "autoinducers," bacteria are able to sense the cell density of their population. Thereby, they can synchronize gene expression, allowing them to act as a unit (8) . Gram-negative bacteria mainly use homologs of the LuxI/ LuxR QS system for communication (8) , which was first described in the marine bacterium Vibrio fischeri (9) . This system uses N-acyl homoserine lactones (AHLs) as signaling molecules. AHLs are produced by AHL synthases and consist of a homoserine lactone (HSL) ring bound to an acyl chain via an amide bond.
In addition to QS, many bacteria also developed the ability of quorum quenching (QQ), which refers to the interference with or manipulation of AHL signals. Three classes of enzymes-lactonases, acylases, and oxidoreductases-are known to inactivate AHLs (10) . While AHL-lactonases and acylases are widely distributed over the bacterial clade and can be found in Gram-positive and -negative bacteria (10) , few studies are available describing QQ by an oxidoreductase (11, 12) . It has been proposed that bacteria produce QQ enzymes as a self-modulatory system for their own QS system (8) . In addition, bacteria profit if they interfere with the QS system of their competitors. Variovorax paradoxus, for example, uses AHLs as a carbon source and by doing so indirectly inhibits bacteria in the same niche (13) .
As QS is a key regulator of bacterial behavior, including virulence and motility, it is likely that host mechanisms have evolved to interfere with bacterial QS. So far, however, only two well-characterized examples of eukaryotic QQ have been described: (i) halogenated furanones of the red algae Delisia pulchra and (ii) the mammalian paraoxonases. D. pulchra is able to interfere with QS through the production of halogenated furanones, which are AHL-mimicry molecules (14) . By binding to a LuxR-type AHL receptor, halogenated furanones destabilize the receptor, resulting in an accelerated degradation (15) . It has been shown that the addition of halogenated furanones to the surfaces of algal thalli in a natural concentration prevents the settlement of ecologically relevant fouling organisms and has strong effects on the species composition of the bacterial community on the alga's surface (16) . The only identified eukaryotic QQ enzyme is a lactonase belonging to the paraoxonase (PON) family. It has been demonstrated that different mammalian cells have the ability to inactivate N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-HSL) (17) . Further studies identified members of the paraoxonase family (PON1-3) as likely candidates for this AHL degradation activity (18) . Later, Stoltz et al. (19) showed that transgenic Drosophila overexpressing human PON1 were Significance Specific bacterial communities colonize epithelial surfaces of most animals. In the last years many host mechanisms that control bacterial community composition have been identified. In contrast, only a few mechanisms are known that allow the host to target the behavior of its bacterial colonizers. We identified a eukaryotic mechanism based on an oxidoreductase activity, which enables the cnidarian Hydra to modify bacterial quorum-sensing (QS) molecules. The modification of QS signals leads to a phenotypic switch in the bacterial symbionts and promotes colonization of host tissue.
protected from Pseudomonas aeruginosa lethality and that this protection was dependent on the lactonase activity of PON1.
The freshwater cnidarian Hydra vulgaris has been established as a model organism for host-microbe interactions (20) . It has been shown that a diverse microbiota colonizes the glycocalyx covering the ectoderm of Hydra (21). This bacterial community grows under the selective pressure of species-specific antimicrobial peptides secreted by the polyp (3) and provides the host with antifungal protection (21) . However, a host mechanism targeting the communal behavior of bacteria has not been identified so far.
Here, we show that Hydra possesses a mechanism that enables the host to manipulate bacterial QS signals in its neighborhood. We show that the host-modified AHL induces a different gene-expression pattern compared with the nonmodified AHL in the main bacterial colonizer Curvibacter sp., demonstrating the potential of the host to modify the behavior of its bacterial colonizers.
Results
Hydra Modifies Long-Chain AHLs by an Oxidoreductase Activity. To investigate the ability of Hydra to interfere with the QS signal molecules of Gram-negative bacteria, polyps were incubated with commercially available AHLs with acyl chain lengths ranging from C4 to C12 (Fig. 1A) . Interestingly, the two AHLs 3OC10-HSL and 3OC12-HSL were specifically quenched within the first 4 h (Fig.  1A) . Activities of 23 pmol per hour per polyp for 3OC10-HSL and 18 pmol per hour per polyp for 3OC12-HSL were calculated with turnover rates of 90% and 60% of the added substrates within 4 h, respectively. In contrast, AHLs with an acyl chain length of C4 to C8 were not affected (Fig. 1A) . To prove that the quenching activity originated from host tissue rather than from bacterial colonizers, the quenching activities of control (WT) and germfree (GF) polyps were compared ( Fig. 1 B and C) . GF and WT polyps have the same ability to quench 3OC10-HSL (Fig. 1B) and 3OC12-HSL (Fig. 1C) , confirming that the Hydra polyp itself, not its bacterial colonizers, is responsible for the observed AHL-quenching activity.
Given that the AHL degradation ability in cell cultures of human airway epithelia (17) is linked to the activity of an enzyme of the paraoxonase family (22) , we searched for a homologous sequence in Hydra and identified a single paraoxonase gene (hyPON). However, neither heterologous expression of HyPON in Escherichia coli (Fig. S1 A and B ) nor transgenic Hydra with constitutive knockdown of HyPON by RNAi (Fig. S1 C-F) could support the presence of QQ activity of HyPON in vivo or in vitro.
Therefore, the QQ effect on long-chain AHLs discovered in Hydra was further analyzed by MALDI-TOF-MS and LCcoupled electrospray ionization (ESI)-MS. GF and WT polyps were incubated with 3OC10-HSL, and the resulting products were analyzed. Control experiments were conducted with AHLs in S-medium without polyps as well with Hydra polyps without the addition of AHLs. In a first step, MALDI-TOF-MS was used to screen for AHL QQ products ( Fig. 2A) . While the substrate 3OC10-HSL with an [M+H] + ion at an m/z of 270 was stable over 24 h in the control without Hydra polyps, it significantly decreased over time in the presence of Hydra polyps (two-way ANOVA, P < 0.001). In accordance with the decrease of the [M+H] + ion at an m/z of 270, a significant increase of two possible QQ products with [M+H] + ions at an m/z of 272 (two-way ANOVA, P < 0.001) and 254 (two-way ANOVA, P < 0.001) occurred after 8-h incubation ( Fig. 2A) . The same results were observed in the incubations with GF polyps. Control experiments without the addition of 3OC10-HSL did not show any significant increase in any of these signals ( Fig. 2A) .
To identify the QQ products, the samples were analyzed by LC-ESI-MS ( Fig. 2 B and D ( Fig. 2D) , while no significant change of the substrate was observed in the absence of Hydra (Fig. 2B ). In accordance with previous studies (23) , MS/MS spectra of 3OC10-HSL showed two characteristic signals from the fragmentation of the amide bond, corresponding to the protonated homoserine lactone moiety (m/z 102.055) and the resonance-stabilized acylium ion of the side chain (m/z 169.122) ( Fig. 2C and Fig. S2 A-C). In contrast, the QQ product with an m/z 272.186, which occurred only after incubation with Hydra, showed the homoserine lactone fragment at m/z 102.055 in addition to two signals at 254.175 and 153.127 (Fig.  2E ). The latter two signals result from water loss from the molecular ion and the acyl side chain, respectively (Fig. 2E ). Through comparison with fragment spectra of AHL standards (Fig. S2 D-F) , the analyte could be identified as a 3-hydroxy-decanoyl-homoserine lactone (3OHC10-HSL). The additional signal at m/z 254.175 observed primarily in MALDI and, to a lesser extent, in ESI-MS spectra in the presence of Hydra corresponds to an unsaturated C10-HSL, which originates from 3OHC10-HSL after loss of water, probably due to in-source fragmentation ( Fig. 2 D and E) (24). These two MS analyses reveal that Hydra modifies 3OC10-HSL (m/z 270) into its 3-hydroxy counterpart 3OHC10-HSL (m/z 272), which can be performed by an enzyme exhibiting oxidoreductase activity. Taken together, the eukaryote Hydra uses an enzyme that is able to modify the QS signaling molecules of Gram-negative bacteria in vivo.
3OHC10-HSL
Host-Associated and Environmental Bacteria Produce a Broad Spectrum of AHLs. To estimate the relevance of the QQ activity of the host tissue for host-microbe interactions, we analyzed the production of AHLs by host-associated and environmental bacteria using TLC combined with the bioreporter Agrobacterium tumefaciens NTL4 (25) . We characterized the AHL production of six hostcolonizing bacteria, representing 90% of the bacterial abundance colonizing the epithelial tissue of H. vulgaris (strain AEP) (21) , and six bacteria isolated from Hydra culture dishes (environmental bacteria). The TLC analysis indicates that all analyzed colonizing bacteria produce AHLs, which vary in their amount and acyl chain length (from 6C to 14C) (Fig. 3A) . Among the host-colonizing bacteria, the main colonizer Curvibacter sp. produced the most diverse AHL spectrum (Fig. 3A) . The AHL species synthesized by environmental bacteria were less diverse than the AHLs produced by host-colonizing bacteria (Fig. 3B ).
Curvibacter sp. QS Is Based on Long-Chain AHL Signals. To better understand the role of QS and QQ for the host-bacteria crosstalk in Hydra, the QS system of the main colonizer Curvibacter sp.
(strain AEP1.3) (21) was investigated in detail. The diversity of AHLs produced by Curvibacter did not vary in the course of liquid cultivation (Fig. S3A) . Comparing the size of the different AHL spots from Curvibacter with the size of defined AHL standards, we estimated that the AHL with an acyl chain length of C12 is the most abundant AHL produced by Curvibacter sp.
(strain AEP1.3) in liquid culture (Fig. S3A) . The LC-ESI-MS analysis detected only 3OHC12-HSL (Fig. S3B) , revealing that Curvibacter is producing this AHL as the main QS signal molecule. The corresponding LC-MS signals could be unambiguously identified by comparison with retention time and fragment spectra of commercial AHL compounds (Fig. S2 G-I) .
Sequencing the complete genome of Curvibacter sp. (strain AEP1.3) (Fig. 4A ) uncovered a circular genome (4.37 Mb) and a plasmid (16.5 kb), encoding 4,095 and 20 genes, respectively. The genome encodes a CRISPR/Cas system consisting of 223 repeats, an insertion of a prophage sequence, and complete flagellar machinery. In addition, it contains two operons, each coding for an AHL synthase (curI1 and curI2) and an AHL receptor (curR1 and curR2) (Fig. 4 A and B) , which could be assigned to the LuxI/ LuxR-type family (Fig. S4) .
To determine whether both AHL synthases in Curvibacter sp. are expressed in the context of host colonization, RNA was extracted from host-associated bacteria and analyzed by RT-PCR. The expression level of curI1 and curI2 in the context of host colonization was similar to the expression level of the housekeeping gene recombinase A (recA) (Fig. 4C) .
To test the functionality of the AHL synthases, both genes (curI1 and curI2) were cloned and heterologously expressed in E. coli cells. The AHL production of the recombinant E. coli cells was analyzed by TLC ( Fig. 4D ) and LC-MS (Fig. 4 E and F) . The TLC analysis revealed the functionality of both AHL synthases, as both synthases produced detectable AHLs with acyl chain lengths ranging between C10 and C14 (Fig. 4D) . In contrast, E. coli cells containing the vector control did not produce any detectable amounts of AHLs. 
P s e u d o m o n a s s p .

A c i d o v o r a x s p .
D u g a n e l l a s p .
F l e c t o b a c i l l u s s p . V a r i o v o r a x s p .
C h r y s e o b a c t e r i u m s p .
A c i n e t o b a c t e r s p . P s e u d o m o n a s s p .
A B Fig. 3 . AHL production of Hydra-colonizing (A) and environmental (B) bacteria. AHLs, produced after 48 h in a 50-mL liquid culture, were analyzed by TLC combined with the AHL reporter A. tumefaciens NTL4. Commercially available AHLs were used as the standard.
The LC-ESI-MS analysis revealed that both AHL synthases, in contrast to the vector control, produced 3OH-HSL compounds (Fig. 4 E and F). For CurI1, highest signal intensities were observed for saturated 3OHC10-, 3OHC12-, and 3OHC14-HSL, which is in accordance with the observed AHL spots in the TLC and the culture supernatant of Curvibacter (Fig. 3A and Fig. S3A ). In addition to these saturated 3OH-HSLs, CurI2 produced similar amounts of singly unsaturated 3OHC12:1-and 3OHC14:1-HSLs ( Fig. 4F and Fig. S5 ). To analyze the affinities of both AHL receptors, CurR1 and CurR2, to certain AHLs, we constructed E. coli reporters based on these two AHL receptors. The ORF of each AHL receptor and the promoter of the corresponding AHL synthase were cloned in front of the lux operon of the pSB401 plasmid (26) to create the reporter constructs pCPcurR1 and pCPcurR2 (Fig. 4  G and K) . First, the functionality of the receptors was verified by measuring dilution series of the supernatant of the heterologous expression extracts of the AHL synthases CurI1 and CurI2 (Fig. 4  H and L) . Both AHL extracts induced a comparable dose-dependent response in both reporters. Second, the specificities of the two reporters were analyzed by incubations with commercially available AHLs with oxo (Fig. 4 I and M) or hydroxy modification (Fig.  4 J and N) of the acyl chain. Both reporters could be activated by long-chain AHLs with a dose-dependent response. Interestingly, oxo-and hydroxy-modified long-chain AHLs induced both reporters with similar efficiency (Fig. 4 I, J, M, and N) . To a lesser extent, both reporters also show a dose-dependent response to short-chain AHLs (Fig. S3 C-F) .
These results show that both AHL synthases are expressed and functional and potentially produce long-chain 3-hydroxy-HSLs in the context of host colonization. Moreover, in addition to the long-chain 3-hydroxy-HSLs, both receptors are also able to recognize the 3-oxo-HSLs counterparts.
The Main Colonizer Curvibacter sp. Responds Differentially to 3-Oxoand 3-Hydroxy-HSLs. Our observations indicate that the host modifies long-chain 3-oxo-HSLs to their 3-hydroxy-HSL counterparts with high efficiency (Fig. 2) . The results also show that the main bacterial colonizer of Hydra is able to recognize both long-chain 3-oxo-HSLs and 3-hydroxy-HSLs (Fig. 4 G-N) . Based on these results, we hypothesized that the nonmodified and the host-modified AHL species induce different gene-expression programs in Curvibacter sp. To test this hypothesis, we performed a RNA-sequencing (RNA-seq) experiment comparing the short-term transcriptional response of Curvibacter sp. (strain AEP1.3) to 3OC12-HSL and 3OHC12-HSL. Incubation with 3OC12-HSL or 3OHC12-HSL led to strikingly different transcriptional responses of Curvibacter as illustrated by a multidimensional scaling (MDS) analysis (Fig. S6A) . The differential transcriptome response is accompanied by different growth rates (Fig. S6B) . We assume that AHL-induced changes in bacterial phenotypes led indirectly to the observed differences in growth rates. In both AHL treatments around 90 genes were differentially regulated compared with control, while around 75 genes were specifically regulated by only one of the two AHL species (Fig. S6C) . Only 16 genes were coregulated by 3OC12-HSL and 3OHC12-HSL, indicating that each AHL species induces a specific transcriptional response in Curvibacter. The addition of 3OHC12-HSL led to the activation of several metabolic pathways such as carbohydrate metabolism, the induction of chemotaxis-related genes, and the repression of ribosome synthesis (Fig. 5A) . In contrast, the addition of 3OC12-HSL led to the down-regulation of processes involved in cell wall formation, such as lipopolysaccharide and peptidoglycan biosynthesis, and to the significant up-regulation of genes involved in flagellar assembly (Fig. 5A) .
The main structural component of a flagellum is flagellin, one of the most important microbe-associated molecular patterns (MAMPs) that can be recognized by the innate immune system (27, 28) . Since the differential response of flagella assembly in response to the two different AHLs could be an important factor influencing the interaction of Curvibacter with Hydra, we next examined the expression of Curvibacter genes potentially involved in flagella synthesis. A detailed analysis of the genes involved in flagellar assembly revealed that 25 of 33 genes involved in the assembly of the flagellum are up-regulated by 3OC12-HSL (Fig.  5B and Fig. S6D ). An independent analysis by qRT-PCR of five candidate genes contributing to the flagellar assembly confirmed the up-regulation of four genes in response to 3OC12-HSL and the down-regulation of three genes in response to 3OHC12-HSL (Fig. S6E) . To prove that the up-regulation of flagellar genes in the presence of 3OC12 results in a higher motility of Curvibacter in vivo, we measured the motility of Curvibacter in response to the two different AHLs. While the addition of 3OHC12-HSL did not induce motility of the bacteria compared with the control in a plate assay, the addition of 3OC12-HSL led to the expansion of Curvibacter sp. colonies compared with the control (Fig. 5C ). In addition, Curvibacter cells growing in liquid medium in the presence of 3OC12-HSL show a higher proportion of motile cells than bacteria growing in the presence of 3OHC12-HSL or ethyl acetate (Movies S1-S3). These results indicate that the induction of flagellar genes in response to 3OC12-HSL results in a higher proportion of flagella-equipped cells in the Curvibacter population. Together, these results prove that Curvibacter switches its phenotype in response to the two different AHLs.
3OC12-HSL Represses Bacterial Colonization of Hydra. Further, we investigated whether the phenotypic switch of Curvibacter sp. observed in liquid culture resulting from modified or nonmodified AHL influences the ability to recolonize host tissue. Therefore, we recolonized GF polyps with Curvibacter sp. in the presence of 3OC12-or 3OHC12-HSL in a volume of 10 mL. As we replaced the solution every 12 h, the amount of host-modified AHL in 3OC12-HSL incubations did not exceed 5%, allowing us to test for the effect of 3OC12-HSL on bacterial colonization. While the addition of 3OHC12-HSL had no significant effect on the recolonization compared with control, the Curvibacter recolonization was significantly reduced in the presence of 3OC12-HSL (Fig. 6A) . To further investigate if 3OC12-HSL has a similar effect on an already-established total bacterial community of Hydra that is dominated by Curvibacter (21), colonized polyps were treated with both AHL species over a period of 5 d. The treatment with 3OC12-HSL reduced the bacterial abundance by about 50% within 5 d, while 3OHC12-HSL did not show an effect on the total community compared with control (Fig. 6B) .
Discussion
Hydra Interferes with Bacterial Quorum Sensing. QS is a key regulator of bacterial behavior, and therefore the evolution of host mechanisms to interfere with bacterial QS is likely. However, only two well-characterized examples of such eukaryotic QQ have been described so far. Algae secrete metabolites such as halogenated furanones (14, 27) , which are structurally analogous to AHLs, and an in vitro study in human airway epithelia suggests that a paraoxonase is able to degrade 3OC12-HSL of P. aeruginosa (17, 22) . Here, we analyzed whether the QQ activity identified in Hydra is an ancient function of paraoxonases. Although the paraoxonase evolved early in animal evolution, and Hydra possesses a single gene copy, we could not assign any QQ activity to this enzyme.
Instead, we identified a eukaryotic QQ mechanism based on an oxidoreductase activity specific for long-chain AHLs. This enzyme class does not degrade AHLs but modifies the AHL by reducing the oxo-group at the C3 carbon of the acyl side chain to a 3-hydroxy group. Interestingly, few studies have described oxidoreductases as QQ enzymes. First, two bacteria, Rhodococcus erythropolis (11) and Burkholderia spp. (GG4) (28) , exhibit oxidoreductase activity, which also targets the oxo-group. Second, an oxidoreductase called "BpiB09," which converts 3-oxo-C12-HSL to 3-hydroxy-C12-HSL, was identified in a soil metagenome (12) . BpiB09 was characterized as a bacterial short-chain dehydrogenase/reductase (SDR), and heterologous expression in P. aeruginosa influenced the expression of QS-regulated genes and attenuated virulence on Caenorhabditis elegans (12) . None of the AHL oxidoreductases described so far is of eukaryotic origin. Therefore, the identification of the enzyme responsible for the oxidoreductase activity in Hydra will be the aim of future research.
QS Signals Are Relevant for Host-Microbe Interactions. All 12 species of bacteria isolated from Hydra epithelium and its surrounding water produce AHLs. These data indicate that Hydra polyps are surrounded and even colonized by bacteria, which use a broad spectrum of AHLs for QS. In accordance with this, bacterial isolates from plants (29) , sponges (30), corals (31), squid (32), insects (33) , and mammals (34) have been shown to produce AHL molecules, indicating that AHLs may be a common language for host-microbe interactions. However, their function in hostmicrobe interaction is largely unknown. The best-studied example is the squid-Vibrio symbiosis, in which the symbiont possesses two distinct AHL synthases, LuxI and AinS (32) . The AinS signal has been shown to be essential for the successful colonization and persistence of V. fischeri in the squid light organ (35) . In corals the exogenous addition of AHLs appears to convert a healthy bacterial community into a disease-causing community (36) , indicating the importance of well-balanced bacterial cell-cell communication for health and disease.
It is also known that AHLs influence the behavior not only of bacteria but also of eukaryotes, such as the settlement of zoospores (37) , and gene expression (38, 39) . The fact that bacterial AHLs show similarities to eukaryotic lipidic signaling molecules, such as retinoic acid, led to the hypothesis that bacterial AHLs can diffuse into eukaryotic host cells and bind to intracellular receptors, such as the peroxisome proliferator-activated receptor (PPAR) family (40) . Indeed, a study on murine fibroblasts identified two PPARs as putative mammalian 3OC12-HSL receptors (41). This signaling system seems to be independent of the canonical MAMP recognition receptor pathways involving Toll-like receptor (TLR) and Nod receptors (42) .
This implicates QS signals as a general communication mechanism in host-microbe interactions and suggests that QS is not only part of the interactions between bacterial symbionts but also involves the host. Conversely, it is also reasonable to assume that host organisms have evolved mechanisms to disrupt or modify bacterial QS signals, not only to control the behavior of the bacteria they encounter but also to control the impact of these signals on their own gene expression.
Host QQ Affects the Phenotype of the Main Colonizer Curvibacter.
Since many potentially pathogenic bacteria are part of a healthy microbiota but normally do not induce inflammation or cause illness, and since many host-associated bacteria can switch from a beneficial to a pathogenic state, it is important for the host to control both the composition and the behavior of its bacterial colonizers. Here, we show that a minor chemical modification of an AHL by the host leads to a phenotypic switch of the main colonizer Curvibacter. How can the activation of AHL receptors by two different AHL species result in a different transcriptional response? One reason for the different transcriptional phenotypes in response to the modified and the nonmodified AHLs could be that both receptors are activated by a different AHL and thereby activate differential gene expression. However, considering that the two AHL receptors (CurR1/2) bind the AHLs produced by both synthases with similar affinity (Fig.  4) , this possibility seems unlikely. An alternative explanation is that the binding of 3OHC12-HSL and 3OC12-HSL induces different conformational changes in the receptors CurR1 and CurR2, which result in different affinity to DNA-binding motifs and thereby in the activation of different target genes.
The phenotypic switch in Curvibacter in response to the two different AHLs is also apparent during host colonization. While the host-modified 3OHC12-HSL induces a response in Curvibacter sp., which enables host colonization, 3OC12-HSL induces a phenotypic switch in Curvibacter leading to the reduction of host colonization (Fig. 6 ). The differences in host colonization as a consequence of the two different AHLs might be explained by two processes that may act simultaneously. First, 3OHC12-HSLdependent QS induces genes in Curvibacter that are involved in carbon metabolism and fatty acid degradation, which may be essential for colonization of the ectodermal mucus layer of the host by adjusting the bacterial metabolism to the host growth conditions. A similar mechanism is known in E. coli, which uses SdiA-regulated QS to adapt to the commensal lifestyle in the gastrointestinal tract of cattle (34) . Second, the reduction in symbiont colonization caused by 3OC12-HSL also might be explained by the induction of an immune response by the 3OC12-HSL-induced flagellar assembly. Flagella are mainly responsible for bacterial motility but also promote host cell adherence (43) and the penetration of mucosal barriers (44) . In vertebrates (45) and also in Hydra (46), flagellin, the main structural protein of bacterial flagella, often acts as an immunomodulator by triggering innate immune responses activated via TLR signaling. Therefore, the ability of a bacterium to switch from a flagellated to a nonflagellated phenotype may determine its success in evading innate immune responses and successfully colonizing host tissue. Metagenome data of healthy mammalian gut revealed that many bacterial members of the Firmicutes and Proteobacteria, which colonize the gut, are equipped with a full gene repertoire to produce flagella (47) . Nevertheless, the expression of flagellin genes (44) and the level of flagellin protein is very low in healthy conditions (48) , indicating the general suppression of flagellar genes in the context of host colonization. Interestingly, a study in mice revealed that the inhibition of flagella-dependent motility in the healthy gut is controlled by the host and mediated by TLR5 and flagellin-specific immunoglobulins (44) . Based on these and our own observations, we argue that the suppression of flagella production at the host interface may present a general mechanism to prevent immune reactions and thus promote symbiont tolerance.
Conclusions
What do the observations on Hydra tell us about the general principles governing the establishment and maintenance of bacterial colonization? Since bacteria communicate and coordinate their behavior via QS, it is likely that in symbiotic host-microbe relationships host interference with the bacterial QS system has evolved as a general mechanism in host-microbe interactions. Whether the mechanisms of host interference with bacterial QS are evolutionarily conserved or have evolved independently in each animal group remains to be shown. In any case, QS-and QQbased communication presents an efficient form of inter-kingdom communication and may have evolved early during metazoan evolution to coordinate living together in close proximity.
Materials and Methods
For details of materials and methods, see also Supporting Information.
Animals. Experiments were carried out using H. vulgaris (AEP) (49) .
Analysis of the QQ Activity of Hydra Polyps in Vivo. To investigate the QQ activity of Hydra polyps, 10 polyps were incubated in 100 μL S-medium with 10 μM AHLs at 18°C for 24 h. The remaining AHLs were extracted with two volumes of acidified ethyl acetate. The detection of remaining AHLs was performed with the help of E. coli reporter strains JM109 pSB401, pSB536, and pSB1075 (26, 50) . AHL concentrations were estimated using a Tecan GENios Plus microplate reader. A standard curve of relative light units (RLU)/ OD 600 as a function of AHL concentration was constructed for each AHL, and the percentage degradation of AHLs was calculated with reference to the calibration curve.
Analysis of the QQ Mechanism of Hydra Polyps by MALDI-TOF-MS and LC-ESI-MS. AHL extracts were lyophilized, resuspended in 50 μL acetonitrile, and 1 μL was spotted onto a 384-well Opti-TOF-MALDI Insert (AB SCIEX) with 1 μL CHCA matrix solution. MALDI-TOF-MS analysis was performed on an AB SCIEX TOF/TOF 5800 mass spectrometer (AB SCIEX). LC-MS analysis was performed using a Dionex Ultimate 3000 HPLC system equipped with a Dionex Acclaim PepMap100 Nanocolumn (Thermo Scientific). Reversedphase HPLC separations were performed with a gradient of eluents A (Milli-Q water with 0.1% formic acid) and B (80% acetonitrile, 0.1% formic acid). Samples from Hydra QQ experiments were then separated over an isocratic gradient of 55% eluent B for 50 min at a flow rate of 250 nL/min. AHL extracts from bacterial cultures were separated over a gradient ranging from 5% eluent B to 90% eluent B within 90 min at a flow rate of 250 nL/min. HPLC-flow was coupled to the LTQ Orbitrap Velos MS (Thermo Scientific) using a nanospray ion source with 1.3 kV capillary spray voltage and 210°C capillary temperature with a 30-μm PicoTip emitter (New Objective).
Analysis of the Production of AHLs of Commensal and Environmental Bacteria by TLC. Bacterial cultures were extracted with one volume of acidified ethyl acetate. Dried samples were resuspended with acidified ethyl acetate and applied to C18 reverse-phase TLC sheets (Macherey-Nagel). A mobile phase of methanol/water (60:40, vol/vol) was used to separate AHLs as described (51) . To detect AHLs, the TLC plate was overlaid with AT soft agar supplemented with the bioreporter A. tumefaciens NTL4 (52) (pCF218) (pCF372) (53) .
Genome of Curvibacter sp. Paired-end libraries were prepared using an Illumina TruSeq LT kit with a median fragment size of 402 bp. Mate-pair libraries were prepared using an Illumina Nextera Mate Pair Kit with an insert size of 7.3 kb. The libraries were sequenced on a MiSeq instrument at the Biomolecular Resource Facility, The Australian National University, Canberra, Australia. E. coli. Therefore, the AHL synthases from Curvibacter sp., curI1 and curI2, were cloned into the pET22b vector and expressed in E. coli Rosetta 2 (DE3) pLysS, as described previously (54) .
Analysis of the Expression of Curvibacter's AHL Synthases While Colonizing Hydra. For the isolation of bacterial RNA, 1,200 H. vulgaris (AEP) polyps were incubated for 3 min in 3 mL sterile PBS. Supernatant was taken, and two volumes of RNAprotect Bacteria Reagent (Qiagen) were added. The RNA was isolated with the RNeasy Mini Kit (Qiagen) following the manufacturer's protocol. The cDNA synthesis was performed with the QuantiTect Reverse Transcription Kit (Qiagen) following the manufacturer's protocol.
Characterization of Curvibacter's AHL Receptors CurR1 and CurR2. For the construction of the bacterial reporter, the plasmid of the AHL bioreporter pSB401 (26) was used as backbone. To create the CurR1 reporter pCPcurR1 and the CurR2 reporter pCPcurR2, an EcoRI-flanked fragment consisting of the curR ORF and the beginning of the AHL synthase curI ORF (curI′), including the curI promoter, was cloned in the cut pSB401 plasmid. To decode the CurR specificity to AHLs, dilution series (1 × 10 −5 to 1 × 10 −11 M) of all commercially available AHLs with oxo or hydroxy modification (Sigma) were measured with these bioreporters as described above.
Transcriptional Response of Curvibacter sp. to AHL Addition. To an OD 600 of 0.1 cultures, 10 μM 3OC12-HSL, 10 μM 3OHC12-HSL, or 1:2,000 acidified ethyl acetate (with 0.01% acetic acid) were added and incubated for 4 h. After the incubation two volumes of RNAprotect Bacteria Reagent (Qiagen) were added, and RNA was isolated using the RNeasy Mini Kit (Qiagen) following the manufacturer's protocol. cDNA libraries were constructed using the TrueSeq Stranded mRNA LT-RiboZero Kit (Illumina) following the manufacturer's protocol. cDNA libraries were sequenced using a NextSeq 500 machine (Illumina) in paired-ends mode. Differential gene expression was assessed using edgeR (55) .
Characterization of Curvibacter's Motility. Transmission electron microscopy (TEM) was used to visualize Curvibacter's flagella using a Tecnai G2 Spirit BioTWIN transmission electron microscope (FEI Company). The effect of different AHLs on Curvibacter's motility was investigated by using a swarm assay. Therefore Curvibacter sp. (strain AEP1.3) was cultivated in liquid R2A culture, and the overnight culture was used in 1-μL spots on swarming plates supplemented with 10 μM AHL.
Effects of AHLs on Bacterial Colonization of Hydra Polyps.
To analyze the effect of 3-oxo-and 3-hydroxy-HSLs on the bacterial recolonization of GF H. vulgaris (AEP), polyps were incubated with 5,000 cfu/mL of Curvibacter sp. at 18°C in the presence of 10 μM 3OC12-HSL, 10 μM 3OHC12, or acidified ethyl acetate for 10 h in 10 mL S-medium. After 4 d polyps were homogenized and plated on a R2A agar plate, and the numbers of cfus per polyp were counted.
